Sexual cell fusion combines genetic material of two gametes, but why the two reproductive cells 9 have to belong to distinct self-incompatible gamete classes is not known. In a vast majority of 10 sexual eukaryotes, mitochondria are inherited uniparentally from only one of the two mating types, 11 which is thought to facilitate purifying selection against deleterious mitochondrial mutations and 12 limit the inter-genomic conflicts. Here I argue that two mating types in eukaryotes represent a 13 mechanism of mitochondrial quality control through the highly asymmetric transmission of 14 mitochondrial genes at cell fusion. I develop a mathematical model to explicitly study the evolution 15 of two self-incompatible mating type alleles linked to the nuclear locus controlling the pattern of 16 organelle inheritance. The invasion of mating-type alleles is opposed by the short-term fitness 17 benefit of mitochondrial mixing under negative epistasis and the lower chance of encountering a 18 compatible mating partner. Nevertheless, under high mitochondrial mutation rates purifying 19 selection against defective mitochondria can drive two mating types with uniparental inheritance 20 to fixation. The invasion is further facilitated by the paternal leakage of mitochondria under 21 paternal control of cytoplasmic inheritance. In contrast to previous studies, the model does not rely 22 on the presence of selfish cytoplasmic elements, providing a more universal solution to the long-23 standing evolutionary puzzle of two sexes. 24 25 26 30 the unfavorable allelic combinations under fluctuating selection, and mitigates the mutational 31 meltdown (Otto, 2009). In a vast majority of cases, the two mating partners belong to distinct self-32 incompatible gamete classes, i.e. mating types in isogamous protists or true sexes with 33 anisogametes, but the selective forces behind this fundamental asymmetry remain elusive (Billiard et al., 2010). The existence of two gamete types in most eukaryotes is often regarded as an 1 evolutionary conundrum, as it reduces the number of potential mating partners, which should be 2 detrimental if the cost of finding a compatible gamete is high and the mating opportunities are 3 limited.
Introduction 27
Sex is among the traits universal to all complex life and was therefore already present in the last 28 eukaryotic common ancestor. By combining the genetic material of two gametes, sexual cell fusion 29 and meiotic recombination exposes the hidden genetic variation in finite populations, breaks up period can be significantly longer than the duration of a single cell-fusion attempt, and so the 1 gametes can wait for a suitable mating partner to arrive before being eliminated from the 2 population. 3 In this work I adopt the mating kinetics first developed in the models of Iwasa and Sasaki (1987) , 4 and Hutson and Law (1993) . I assume the gamete pool of finite size, in which the influx of gametes 5 matches their removal due to random death and zygote formation. The gamete influx rates are 6 proportional to the allele frequencies within the infinite population, while the gamete death rate is 7 kept at a constant level . Cells within the gamete pool form random pairwise associations at rate 8 /2, and are removed from the pool if they are compatible and able to fuse. The allele frequencies 9 in the next generation are calculated from the steady-state gamete-class frequencies within the 10 mating pool. These frequencies correspond to the equilibria of the following system of equations where the matrix element , denotes the frequency of cells in a nuclear state ≤ and containing 20 mutant mitochondria. The horizontal index enumerates all possible nuclear states including 21 the mating type and the mode of mitochondrial transmission.
22
Mitochondrial mutation is represented by the transition ( ,1) = ( ) , where the matrix element 23 , represents the probability that a cell with mutant mitochondria will have mutants after the 24 mutation event, , where is the identity matrix. is a column vector of ones, so that ( ,1) is the row-wise sum 1 of ( ,1) and is a column vector containing all possible values of mitochondrial fitness,
Parameter determines the magnitude of epistatic interactions between mitochondrial mutations. The following results are based on the numerical solution of the above system of equations. and can reach the frequency of 2 = 0.5, but the invasion dynamics differ substantially between 21 the two modes of UPI control.
Starting at low allele frequencies, the invader Um attains one of two distinct equilibria, 1 < 0.5 23 under low mutation rates and strong negative epistasis, or 2 = 0.5 under higher mutation rates 24 ( Fig. 2a ). The analogous set of equilibria exists for the paternal invader Up, but this time 2 = 0.5 25 is the only asymmetric equilibrium which can be reached starting from low initial mutant 26 frequencies ( Fig. 2a ). In this case the combination of the mutation rate and the initial frequency 27 must exceed the unstable equilibrium 0 < 1 ′ < 0.5, the characteristic frequency of which 28 approaches zero at high mutation rates. Paternal leakage of mitochondria relaxes the conditions 29 for the invasion of Up to the equilibrium 2 ( Fig. 2b ), but at the same time hinders the invasion of 30 Um under low mutation rates.
31
What determines the equilibrium frequencies of UPI alleles in a population without mating types?
32
The model shows that the fitness advantage of Um decreases as the allele invades from small 33 frequencies ( Fig. 2c ), while the opposite is true for Up ( Fig. 2d ), determining the locations of equilibria 1 and 2 . This behavior can be explained in terms of costs and benefits of asymmetric 1 transmission of mitochondrial genes, and the statistical association of these benefits to the nuclear 2 allele of mitochondrial inheritance control.
3
Uniparental inheritance of mitochondria increases the frequency of extreme cytotypes 4 underrepresented at the mutation-selection equilibrium, reducing the abundance of the common 5 intermediate cytoplasmic states (Fig. 2e ). This increase in mitochondrial variance facilitates 6 purifying selection against deleterious mutations and gives the UPI mutant a long-term advantage penalizing the UPI invader and giving the biparental inheritance a short-term benefit (Fig. 2f ). transmission of mitochondria is the strict UPI, i.e. ESS = 0 ( Fig. 3a) , at which the gamete Um 2 discards all mitochondria inherited from B. As the leakage goes down, both the long-term fitness 3 advantage of variance, and the strength of nuclear-cytoplasmic associations become more 4 significant. The equilibrium frequency of Um at ESS therefore increases with increasing mutant 5 load, consistent with the role of UPI increasing the efficacy of purifying selection against 6 mitochondrial mutations. Similarly, weak epistatic interactions ( → 1) reduce the short-term 7 fitness gains in symmetric gamete unions, and result in higher equilibrium frequencies of Um (Fig   8   3b ).
9
Under the paternal control of mitochondrial inheritance, the globally-attracting ESS lies between 10 0 ≤ ESS ≤ 1 (Fig. 3c) , with the frequency of Up allele always at 2 = 0.5. The deviation of to 11 either side of its ESS is detrimental: with < ESS the asymmetry of mitochondrial inheritance decreasing strength of epistasis (Fig. 3d ). The model therefore shows that limited mitochondrial 17 mixing can be maintained in spite of its long-term fitness costs, but only if the inheritance- The above analysis shows that in a population without mating types the following equilibria with 23 asymmetric inheritance of mitochondria are possible, depending on mutation rates and the mode 24 of UPI nuclear regulation: 25 1) Um at 1 < 0.5 with strict UPI ( = 0); 26 2) Um at 2 = 0.5 with strict UPI ( = 0); 27 3) Up at 2 = 0.5 with paternal leakage ( 0 ≤ ≤ 1).
28
The last stable equilibrium for the allele Up at 1 > 0.5 ( Fig. 2a-b) is not considered here, as it Um, which subsequently prevents the invasion of Mt2 (Fig. 5 ).
10
High mitochondrial mutation rates favor the spread of mating-type alleles linked to the 11 mitochondrial-inheritance locus (Fig. 6 ). This is consistent with the long-term effect of asymmetric 12 mitochondrial transmission enhancing the efficacy of purifying selection against mitochondrial 13 mutations due to higher variance in mitochondrial mutation load (Fig. 2) . As expected, the 14 evolutionary success of self-incompatibility alleles depends on the cost associated with the lower 15 frequency of potential mating partners within the population, which is represented by the gamete 16 mortality rate (Fig. 6) . Under high mortality rates, gametes unable to find suitable mates are 
22
The evolutionary stability of two mating types can therefore be explained by the high long-term 23 fitness cost of biparental inheritance in the newly invading gamete class compared to the advantage 24 of having more compatible mating partners. On the other hand, the results show that a third mating 25 type allele invades much more readily in tandem with a new allele at the mitochondrial-inheritance 26 locus Um1 coding for a novel mitochondrial recognition and destruction machinery. In this case, 27 unions between all three gamete types remain uniparental throughout the invasion. Stable 28 population of three mating types at equal frequencies can therefore become established even at 29 low gamete mortality rates ; the same remains true for subsequently invading mating-type alleles.
30
Under these assumptions the number of mating types in the population would seem to be limited 31 only by the amount of distinct molecular mechanisms controlling the transmission of organelle 32 genomes. This scenario, however, is critically dependent on the simultaneous invasion of two 33 novel mutations at linked loci, both controlling vastly complex processes of mate recognition and 34 mitochondrial destruction, and is therefore highly unlikely.
35
How does the present analysis compare to the previous work suggesting that mating types could with one of the gametes developing the ability to recognize the mitochondrial marker protein 8 universal to the whole population, while protecting its own organelles e.g. by removing the tag 9 (b). Similarly, in paternal mode of UPI, one of the gametes marks its mitochondria with a new 10 universally recognizable marker, but loses the ability to target it for destruction in its own 11 cytoplasm (c). Alternatively, the paternal gamete can simply remove a part of its own organelle 12 population before fertilization. 
